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This paper presents a portable paper-based microfluidic platform for multiplexed
electrochemical detection of antibody markers of human immunodeficiency virus
(HIV) and hepatitis C virus (HCV) in serum samples. To our best knowledge, this
is the first paper-based electrochemical immunosensing platform, with multiplexing
and telemedicine capabilities, for diagnosing HIV/HCV co-infection. The platform
consists of an electrochemical microfluidic paper-based immunosensor array
(E-uPIA) and a handheld multi-channel potentiostat, and is capable of performing
enzyme-linked immunosorbent assays simultaneously on eight samples within 20
min (using a prepared E-uPIA). The multiplexing feature of the platform allows it
to produce multiple measurement data for HIV and HCV markers from a single
run, and its wireless communication module can transmit the results to a remote
site for telemedicine. The unique integration of paper-based microfluidics and mo-
bile instrumentation renders our platform portable, low-cost, user-friendly, and
high-throughput. © 2016 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4945311]

1. INTRODUCTION

Human immunodeficiency virus (HIV) and hepatitis C virus (HCV) infections have been
among the leading causes of morbidity and mortality worldwide in recently years. Due to their
common routes of transmission, co-infection of HIV and HCV exists in an estimated one-third
of HIV positive patients,'™ which is a severe health problem in the world, especially in devel-
oping countries. Infection with HIV, when present in either HCV transmitting or HCV exposed
patients, can cause an increase on the risk of transmission of HCV;? apart from that, when
exposed to HCV, HIV-infected patients are less likely to clear the acute infection.>®

Point-of-care (POC) tests for sexually transmitted infections (STIs) are commercially avail-
able, but not often affordable or accessible to many patients in the developing world, where the
burden of STIs is the greatest. Besides the affordability issue, the existing POC tests are usually
designed to indicate a binary status (positive or negative) and cannot accurately quantify con-
centrations of the disease markers in a sample, which has a great meaning in determination of
the infection stage. Thus, low-cost, quantitative POC tests with satisfactory performance are of
urgent need for STI diagnosis.

Microfluidic paper-based analytical devices (uPADs), as an emerging tool for low-cost
diagnostics, have recently gained significant research interests.”” Traditional yPADs methods
are based on optical detection principles, such as colorimetric reaction'®'? and fluorescence
assay,'® which rely on cameras, microscopes, and other optical instruments to translate the color
information for assay quantification. Compared with optical uPADs, electrochemical puPADs
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(E-uPADs) are built on the mechanisms of electron transferring during redox reactions, which
usually provide higher sensitivity, lower limit of detection, and more diverse sensing capabil-
ities for developing POC tests.'"*"'” With advancement of portable electrochemical instrumenta-
tion, the integration of E-uPADs with portable, low-cost electrochemical readers (i.e., potentio-
stat) makes it possible for paper-based tests to be carried out remotely at the POC and/or in the
field with enhanced analytical performance.'®2°

Aiming at POC diagnosis of HIV/HCV co-infection, we develop a paper-based, integrated
diagnostic platform capable of multiplexed electrochemical enzyme-linked immunosorbent
assays (ELISAs) of HIV/HCV antibody markers and remote transmission of diagnostic results
for telemedicine. There exists E-yPADs for carrying out ELISAs of cancer and tumor
markers.?""** However, to our best knowledge, no paper-based platform is reported previously
for diagnosis of the HIV/HCV co-infection. The platform integrates an electrochemical micro-
fluidic paper-based immunosensor array (E-yPIA) and a custom-made, handheld potentiostat; it
can carry out ELISAs on eight serum samples in parallel, generate assay results in 20 min, and
transmit the data to a host computer or smart phone via wireless transmission. Based on the
developed platform, we optimize the ELISA protocol and improve the assay sensitivity via
surface biofunctionalization of sensing electrodes. We demonstrate accurate quantification of
antibodies against HIV p24 core antigen and HCV core antigen in mouse serum with limits of
detection (LOD) of 300pg/ml and 750 pg/ml, respectively. We also show negligible cross-
reactivity of the HIV and HCV assays, proving the feasibility of diagnosing HIV/HCV
co-infection in protein-rich serum samples.

Il. EXPERIMENTAL DESIGN
A. Design and fabrication of the E-uPIA

Fig. 1(a) shows the internal structure of the custom-made potentiostat with an E-yPIA
inserted in its electrical connection slot. Fig. 1(b) shows the E-uPIA that has eight electrochem-
ical immunosensors for detecting HIV and HCV antibodies (four immunosensors for each
marker). Each immunosensor consists of a circular paper reaction zone and a group of three
screen-printed electrodes (working electrode—WE, counter electrode—CE, and reference elec-
trode—RE). The center spacing of adjacent reaction zones is 9 mm, which is compatible with
the tip spacing of a standard multi-channel pipette and thus allows a user to add samples to the
eight immunosensors simultaneously (Fig. 1(a)). The WE and the CE were made from carbon
ink, and the RE was made from Ag/AgCl ink. The Ag/AgCl RE provides stable reference
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FIG. 1. A portable paper-based diagnostic platform integrating an E-yuPIA and a handheld potentiostat. (a) The handheld
potentiostat inserted with an E-uPIA. (b) The E-uPIA. (c) Schematic architecture of the potentiostat circuit constructed
based on a microcontroller unit (MCU).
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potential during electrochemical measurement and is widely used in screen-printed electrochem-
ical cells.”** The RE is placed close to the WE and the CE to reduce the uncompensated
resistance of the electrochemical cell between the WE and the RE.'®?® To fabricate an E-uPIA,
we first patterned the eight reaction zones on a piece of cellulose chromatography paper
(Whatman® CHR #1, GE Healthcare) via wax printing and then formed the electrodes on top
of the reaction zones via stencil printing. Details of the device fabrication process can be found
in a previous report.*

B. Design of the potentiostat

To improve the throughput of HIV and HCV detection, we designed a handheld, eight-
channel potentiostat for signal readout from the E-uPIA. Fig. 1(a) shows the printed circuit
board (PCB) of the potentiostat. The circuit architecture of the potentiostat is illustrated in Fig.
1(c), which primarily includes a microcontroller unit (MCU; ATxmega32A4, Atmel) with a 12-
bit analog-to-digital converter (ADC) and a 12-bit digital-to-analog converter (DAC), a signal
multiplexing/demultiplexing unit (74HC4051D, NXP Semiconductors), a signal processing cir-
cuit (for converting an electrochemical current into a voltage), a liquid crystal display (LCD;
EADOGMI163EA, Electronic Assembly), a universal serial bus (USB) to universal asynchro-
nous receiver/transmitter (UART) interface circuit (FT232RL, FTDI), a Bluetooth wireless
communication unit, and a 9V battery. The total material cost of the potentiostat is CAD $60
(calculated based on prices in small quantities). Through user programming, the potentiostat
can perform different types of electrochemical measurements on the E-uPIA, including cyclic
voltammetry (CV), linear sweeping voltammetry (LSV), chronoamperometry (CA), and square
wave voltammetry (SWV).

The basic design and working principle of the multiplexing potentiostat has been reported
previously.?® In this work, we constructed an updated version of our previous potentiostat
design and integrated a few additional features useful for POC diagnosis, including on-board
battery, Bluetooth communication, and custom-made personal computer (PC) software and
smart-phone Android application—APP (for data receiving and processing). Fig. 2 illustrates
the wireless communication architecture of our diagnostic platform, from the handheld potentio-
stat, to a PC or a smart phone, and finally to a remote cite. The PC software and smart-phone
APP both can open the Bluetooth port of the potentiostat, trigger the electrochemical measure-
ment, and receive data via wireless communication. The assay data can also be transmitted
from the potentiostat to a PC through the USB interface. The data can be further transmitted to
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FIG. 2. Wireless data transmission of the diagnostic platform, from the potentiostat, to a PC or a smart phone, and finally
to a remote site. The screens of the PC and the smart phone display the graphical user interfaces of the PC software and the
Android APP, respectively.
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a remote site (e.g., centralized hospital/laboratory or public health database) via the internet (by
a PC or a smart phone) or the mobile network (by a smart phone), for tele-diagnosis or health-
care data collection.

C. Biofunctionalization of the reaction zone and the WE

After 4-8 weeks of exposure to the HIV virus, a human body will produce a detectable
level of antibodies due to the immune response against HIV.?” Tests detecting the presence of
serum antibody against the HIV p24 core antigen have been commonly used for clinical HIV
diagnosis.”® For HCV diagnosis, the antibody against HCV core antigen is a commonly used
marker and provides accurate test results.”’ We used indirect ELISA to quantify concentrations
of HIV and HCV antibodies in serum samples, which is based on the sequential affinity bind-
ings of the viral antigen, viral antibody, and secondary antibody. To capture the target antibod-
ies in serum, the viral antigens need to be first immobilized on the WE and the reaction zones.
We modified the paper reaction zone and the WE with 3-amino-propyldimethylethoxysilane
(APDES) and glutaraldehyde (GA). APDES treatment improves the hydrophilicity of the carbon
WE and the paper reaction zone,'”” and the APDES molecule also bonds with the hydroxyl
(-OH) groups on the surfaces of paper and WE, and thus provide amine (-NH,) groups for sub-
sequent GA bonding (Fig. 3(a)). The GA, as an effective protein crosslinking reagent, was
added onto the reaction zone to bond with -NH, groups from APDES, providing aldehyde
(CHO-) groups for protein immobilization (Fig. 3(a)).

We first treated the working electrode with 2 ul of 2% (v/v) APDES for three times and
waited for 10 min after each treatment. 2% of APDES is high enough to make the carbon WE
more hydrophobic, but does not obviously attack the wax barrier of the reaction zone (we
observed that treating the electrodes with >2% APDES made the wax barrier of the zone less
hydrophobic and thus unable to confine fluids effectively). We then added 2 ul of GA onto the
WE and waited for 30 min. We explored the effect of GA concentration on the protein immobi-
lization efficiency. We found that GA solution at >0.5% became relatively viscous and made
the reaction zone hydrophobic after treatment. Thus, we used 2 ul of GA at three different con-
centrations—0.1%, 0.25%, and 0.5% (v/v)—to treat the working electrode and investigated the
hydrophilicity and protein immobilization efficiency of the electrode after the GA treatment. To
quantify the protein immobilization efficiency, we applied 4 ul of 20 pug/ml Fluorescein
isothiocyanate (FITC)-labelled IgG antibody (FITC-anti-IgG) to each WE, waited for 3 min,
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FIG. 3. Biofunctionalization process of the WE. (a) Molecular scheme of surface protein functionalization on the surfaces
of the WE through APDES and GA linkages. (b) Fluorescence quantification of immobilized FITC-anti-IgG on WEs
treated with GA at different concentrations (n = 3).
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washed it with 30 ul of phosphate buffered saline (PBS) for three times, and finally quantified
the fluorescence intensity of the zone.

Fig. 3(b) shows the fluorescence intensities of the working electrodes right after APDES
and GA treatments (“APDES + GA”), after the addition of FITC-anti-IgG (“FITC-Ab”), and
after three repeated washes (“1st wash” to “3rd wash”). We found that the treatment with 0.1%
GA did not obviously decrease the hydrophilicity of the reaction zone and the WE; however,
the electrodes treated with 0.1% GA only captured a limited amount of FITC-anti-IgG after
three washes (fluorescence intensity increases by 24.9%). When treated with 0.25% GA, the
reaction zone and the WE became less hydrophilic but still wicked fluids efficiently, and their
protein immobilization efficiency increased significantly (fluorescence intensity increased by
140% after 3 washes). When the GA concentration was further increased to 0.5%, an even
larger amount of FITC-anti-IgG was captured by the WE (fluorescence intensity increased by
300% after 3 washes). However, the WE and reaction zone treated with 0.5% GA became more
hydrophobic, and thus did not allow fluids wick through the reaction zone effectively for carry-
ing out the assay. Therefore, 0.25% GA was chosen in the finalized biofunctionalization proto-
col. One can also observe that, after protein immobilization on WE (treated with 0.25% GA),
excess unbound FITC-anti-IgG can be efficiently washed off via three washes.

D. Protocol of electrochemical ELISA

We employed indirect ELISAs (Fig. 4(a)) for detection of both HIV and HCV antibodies.
To start a test, we first added 3 ul of 50 pg/ml viral core antigen (HIV p24 or HCV core anti-
gen) to the APDES-GA-treated reaction zones of an E-uPIA (four zones for HIV tests and four
zones for HCV tests) and incubated the device at ambient conditions for 10 min. We then spot-
ted 6 ul of blocking buffer (Roche Blocking Reagent, cat. no.: 13906900) to the reaction zones
and allowed them to dry at ambient conditions for 25 min (to prevent non-specific absorptions).
After that, we added 3 ul of commercial mouse serum, spiked with different concentrations of
HIV or HCV antibody, and waited for 3 min, during which the HIV or HCV antibody in the
serum conjugated, as the primary antibody of the indirect ELISA, with the immobilized HIV or
HCV antigen. We washed the reaction zone with 20 ul of 1x PBS for three times to remove
the unbound species of the serum. We next added 4 ul of 40 ug/ml alkaline phosphatase (ALP)
labeled goat anti-mouse IgG to the reaction zone, which served as the secondary antibody and
bound with the primary HIV or HCV antibody. After 3-min incubation, we washed the reaction
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FIG. 4. Protocol of indirect electrochemical ELISA. (a) Scheme of the indirect ELISA for detecting HIV/HCV antibodies.
(b) Electrochemical reaction mechanism of pAPP and ALP-antibody.
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zone with 20 ul of 1 x PBS for three times. At this point, the amount of ALP bound to the reac-
tion zone surface is proportional to the amount of HIV or HCV antibody bound to the same
surface. Finally, we added 6 ul of an electrochemical substrate for ALP, p-aminophenyl phos-
phate or pAPP (5 mg/ml), to the reaction zone, which was catalyzed by the ALP and produced
an amperometric current output during electrochemical measurement. After 3-min incubation,
we performed CA measurement to quantify the produced current signal. The entire ELISA pro-
cess took 55 min, including a 35-min device preparation time for immobilizing the capture anti-
gens and blocking the void sites on the substrate. Thus, with a prepared E-uPIA, a user can
complete the assay of eight samples in 20 min.

Fig. 4(b) shows the reaction mechanism of pAPP and the ALP-labelled anti-mouse IgG
(ALP-antibody). pAPP was first catalyzed by ALP to p-aminophenol (pAP), and the generated
pAP was then oxidized by an electrochemical potential applied between the WE and the CE
and produced two free electrons per molecule. The amperometric current was finally measured
as the output signal of the indirect ELISA, which is proportional to the concentration of HIV or
HCYV antibody in the serum sample.

To characterize the electrochemical reaction of the pAPP and the ALP, we first per-
formed CV on immunosensors added with a 4 ul mixture of 40 ug/ml ALP-antibody and 6 ul
of 5mg/ml pAPP (“pAPP -+ ALP” in Fig. 5(a)) or a 6 ul drop of 5mg/ml pAPP alone
(“pAPP” in Fig. 5(a)). The CV measurements were performed in a voltage range of —0.3V to
0.4V with a scan rate of 100mV/s. The cyclic voltammograms, as shown Fig. 5(a), reveal
that, compared to the solution of ALP-antibody plus pAPP, the solution of pAPP alone
requires higher potential for oxidation and reduction and has a larger potential gap between
the oxidation and reduction peaks. Since pAPP can be oxidized by high potentials without
ALP-antibody, we should choose a lower potential for assay signal readout.

We employed CA to trigger the oxidation of the pAP (catalyzed from pAPP), and the CA
technique has less interference with other species and thus offers higher accuracy and sensitiv-
ity than other electrochemical techniques. We optimized the CA step potential via hydrody-
namic linear sweeping. With the solutions of “pAPP 4 ALP-antibody” and “pAPP” (with the
same concentrations as the ones used in the CV measurement in Fig. 5(a)), we scanned their
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FIG. 5. Electrochemical characterization of the reaction of pAPP and ALP-labelled anti-mouse IgG (ALP-antibody). (a)
Cyclic voltammetry on solutions of pAPP plus ALP-antibody (“pAPP + ALP”) and pAPP along (“pAPP”). (b) Results of
hydrodynamic linear sweeping on the solutions of “pAPP + ALP” and “ALP.” (c) The signal-to-background current ratio
extracted from the hydrodynamic sweeping results. (d) Chronoamperometry measurement results on the solution of
“pAPP” with ALP-antibody added subsequently. The CA potential of 0.12 V was used.
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hydrodynamic potentials in the range of £0.5V at a rate of 100mV/s. As shown in Fig. 5(b),
the resultant current measured during the hydrodynamic potential scanning on the solution of
“ALP + pAPP” presents an oxidation peak at ~0.1 V, while the current measured from the solu-
tion of “pAPP” has no obvious oxidation peak.

Defining the ratio of the currents measured from the solutions of “ALP+ pAPP” and
“pAPP” as the signal-to-background-noise ratio, and one can find that the potential of 0.12V
yields the highest signal-to-background-noise ratio (Fig. 5(c)). Thus, the potential of 0.12V was
selected for CV measurements of the final assays. At the potential of 0.12V, we also performed
CA measurement on the solution of 6 ul of 5mg/ml pAPP and added 4 ul of 40 ug/ml
ALP-antibody consecutively, while the current signal was recorded. As shown in Fig. 5(d), the
solution of pAPP gave a very low current before the first addition of ALP-antibody; the addi-
tion of ALP-antibody caused an instant current increase, and the current then reached to a
steady state before the next addition.

lll. RESULTS
A. Electrochemical characterization of the E-uPIA

We characterized the electrochemical performance of the E-uPIA (after the APDES and
GA treatment) via CV in the solution of 10 mM potassium ferricyanide (K;[Fe(CN)g]) and 1 M
potassium chloride (KCI). We scanned 5 immunosensors within the range of 0-0.6V at a rate
of 1050 mV/s. Fig. 6(a) shows typical cyclic voltammograms measured at different scan rates,
and the magnitudes of anode peak currents (I,,) and cathode peak current (I,.) are approxi-
mately identical. The results of the current peak magnitude as a function of the square root of
the scan rate also show a typical linear relationship (Fig. 6(b)). These results reveal that each
immunosensor is a reversible electrochemical system.
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FIG. 6. Electrochemical characterization of the E-uPIA. (a) Cyclic voltammetry (CV) of individual immunosensors at the
scanning rate from 10mV/s to 50mV/s. (B) Calibration results of the peak current magnitude vs. the square root of the
scan rate (n=15).
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B. Detection of HIV/HCV antibodies in serum

Using spiked mouse serum, we calibrated the E-uPIA and obtained typical S-shaped cali-
bration curves for both HIV and HCV antibodies (Figs. 7(a) and 7(b)). The LODs for detecting
HIV and HCV antibodies were determined to be 300 pg/ml and 750 pg/ml, respectively. These
LODs are lower than that of existing tests for HIV antibody (1 ng/ml; Ref. 31) and HCV core
antibody (5 ng/ml; Ref. 32).

We also investigated the potential cross-reactivity of HIV and HCV antibody detections
in the same sample by adding high-concentration interference analyte to serum samples with
low-concentration target analyte. We added 10 pug/ml HCV antibody (interference analyte) to se-
rum samples spiked with 10ng/ml HIV antibody (target analyte) and vice versa, and compared
the current outputs from serum samples with and without interference antibodies.

Figs. 7(c) and 7(d) show the current outputs of assays performed on: (i) serum samples
with only target antibody (“HIV 10ng/ml” in Fig. 7(c) and “HCV 10ng/ml” in Fig. 7(d)); and
(i) serum samples with both target antibody and interference antibody (“HIV 10ng/ml+HCV
10 ug/ml” in Fig. 7(c) and “HCV 10ng/ml+ HIV 10 pg/ml” in Fig. 7(d)). The current outputs
from both types of serum samples have similar values, and not significant difference was found
between data groups in Figs. 7(c) and 7(d). These results prove that the interference between
HIV and HCV antibody assays is negligible, and that our diagnostic platform has a great poten-
tial for practical diagnosis of HIV/HCV co-infection.

IV. DISCUSSION

Laboratory ELISA tests for HIV and HCV have been widely used in medical practices,
which help more and more people identify their HIV/HCV status, monitor their disease trends,
and improve clinical outcomes. Nevertheless, low-cost, rapid POC tests for diagnosis of HIV/
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FIG. 7. Experimental results of device calibration and cross-reactivity testing for HIV/HCV antibody detections. (a) and
(b) Calibration curves of (a) HIV and (b) HCV antibody detections (n=8). (c) Output signals (n=5) of HIV detection on
serum samples with 10 ng/ml HIV antibody only (“HIV 10ng/ml”) and with 10 ng/ml HIV antibody and 10 pug/ml interfer-
ence HCV antibody (“HIV 10ng/ml+HCV 10 pug/ml”). (d) Output signals (n=15) of HCV detection on serum samples
with 10 ng/ml HCV antibody only (“HCV 10ng/ml”) and with 10 ng/ml HCV antibody and 10 ug/ml interference HIV anti-
body (“HCV 10ng/ml + HIV 10 ug/ml”).
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HCV co-infection are highly demanded for use in the developing countries, where the most ba-
sic health care facilities are still not readily accessible. The diagnostic platform presented in
this work is the first integrated, paper-based electrochemical platform for low-cost diagnosis of
HIV/HCV co-infection. The developed E-uPIA includes eight electrochemical immunosensors
capable of carrying out ELISAs in parallel and testing multiple serum samples for both HIV
and HCV antibody markers. The electrochemical ELISA is highly accurate and sensitive, and
provides lower LODs to existing HIV and HCV antibody tests. The platform allows a user to
perform ELISA tests of eight serum samples within 20 min. The handheld multiplexing poten-
tiostat makes the entire platform portable and therefore significantly improves its adaptability to
POC uses. Given the wide applicability of electrochemical detection to many types of mole-
cules, this platform can be readily extended to the detection of other protein markers, metabo-
lites, ions, and nucleic acids.

This work was focused on the design and demonstration of the paper-based microfluidic
platform for diagnosis of HIV/HCV co-infection. To make the platform ready for practical
uses, we still need to investigate the stability of the E-uPIA over long-term storage. There have
been many studies in the literature on improving the antigen/antibody storage stability on paper
substrates.>* ™ Based on the previous results, we plan to improve the device stability by con-
trolling the storage environment humidity and adding protein stabilizers to the E-uPIA. We will
also work on the clinical testing of this platform using patient samples, and the further exten-
sion of the platform’s diagnostic functionalities by targeting other protein markers.

V. CONCLUSIONS

We have successfully developed an integrated, paper-based diagnostic platform, with multi-
plexing and telemedicine capabilities, for detection of HIV/HCV co-infection. Indirect ELISAs
of antibodies to HIV p24 and HCV core antigens were realized on an E-uPIA, and a handheld
potentiostat with a Bluetooth module was developed for readout of output signals from the
device. The electrochemical characterization of individual immunosensor revealed reversible
electrochemical behavior. Using this platform, we demonstrated the detection of HIV and HCV
antibodies in mouse serum at LODs of 300 pg/ml and 750 pg/ml, respectively. We also investi-
gated the cross-reactivity of the HIV and HCV assays in serum samples and showed negligible
interference effect between the HIV and HCV tests.
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